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Abstract

Industrial robots require a high path accuracy for demand-
ing continuous path-control tasks. In this publication we
will present a new method which improves the path ac-
curacy of industrial robots according to ISO 9283. This
dynamic calibration is realized by means of a model based
precontrol and corrects on-line the desired joint positions.
For the identification of the model parameters of the pre-
control the robot’s path deviations are directly measured
off-line at the end effector with an inertial measurement
system. The experimental results presented here prove
the efficiency of this dynamic calibration procedure.

1 Introduction

Control tasks for six degree-of-freedom robots in which the
end effector has to follow any kind of trajectory as fast and
precisely as possible require high standards of path accu-
racy. This is particularly true when off-line programming
methods are applied. This has led to much research and
development work aimed at a robot measurement with
external measurement systems [1, 2, 3] and an accuracy
improvement of the industrial robots [4, 5, 6]. In this con-
text most of the principles and procedures known aspire
to improve static parameters according to ISO 9283 [7],
such as for example pose accuracy or pose repeatability.
With increasing speed the robot behaviour is determined
by time dependent interaction between inertial, centrifu-
gal, gravitational as well as Coriolis forces and torques on
the one hand and forces and torques working at the driv-
ing end on the other hand. These and other conditions
(elasticity, joint backlash) must be taken into account by
means of dynamic calibration. In this context some meth-
ods have been proposed in which the robot internal sensors
are used for measuring [8, 9]. Therefore not all the causes

for path deviation are taken into account.

In this publication a new method for dynamic robot cal-
ibration is presented that is based on the dynamic mea-
suring of the end effector pose with an external inertial
measurement system. The calibration is based on firstly
modelling the error-causing conditions in analogy with the
static robot calibration and then identifying the parame-
ters of the precontrol by means of the path errors mea-
sured off-line and finally, with this in mind, performing
the on-line correction of the desired values aiming to im-
prove accuracy.

2 Measuring of the robot’s errors

If dynamic robot errors, such as path deviation, are mea-
sured with the robot’s internal sensors, not all relevant
parameters can be recorded. For instance, the robot’s in-
ternal sensors often measure the joint angle position on
the driving end which is then used to calculate the joint
angles by means of the drives transmission ratio; conse-
quently gear errors cannot be recorded by the robot’s in-
ternal sensors. That is why in this calibration procedure
the robot’s poses are measured with an inertial measure-
ment system mounted to the end effector. This procedure
makes it possible to record all sources of errors in the kine-
matic chain.

The inertial measurement system consists of three servo
accelerometers and three ring laser gyros [3]. The princi-
ple of the inertial measurement system is shown in Fig. 1.
After the measured data (acceleration and rotation rate)
have undergone a error correction and the earth’s rate
and the earth gravitation have been subtracted, transla-
tion and rotation of this measurement system are given
in an earth-fixed reference coordinate system (W). How-
ever, as the robot’s joint values are required for the pa-
rameter identification in the joint space the recorded val-
ues have to be converted to the robot’s base coordinates
(R). For this, the relations of the different coordinate sys-
tems, presented by ng and SEH’ have to be identified
in a wrist/sensor calibration procedure that has been de-
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Fig. 1: Principle of an inertial measurement system

veloped for this purpose. Finally the values have to be
transformed to the joint space of the robot by the inverse
kinematic transformation.

Fig. 2 shows the measured joint angle errors Ag = 9,4
of a typical industrial robot. The desired path was pro-
grammed as a straight line with a length of 800 mm, to be
executed at a speed of 0.4 m/s. The errors were recorded
with the robot’s internal sensors and with an inertial mea-
surement system. In spite of differences caused mainly by

wrist axes

primary axes

Fig. 2: Joint angle errors. Measured with robot’s internal
sensors and with an inertial measurement system (IMS)

compliance of the gears the errors of the primary axes
measured with internal sensors are comparable to the er-
rors measured with the external measurement system at
the end effector. But the errors of the wrist are barely
recorded by the internal sensors, because the gears of the
wrist have a complex structure and their compliance only
can be detected at the end of the kinematic chain.

3 Dynamic robot calibration

3.1 Overview

ISO 9283 describes criteria for the evaluation of the accu-
racy of industrial robots. For control tasks that have to
take a given pose as precisely as possible, for example in
spot welding, in particular the static parameters

e absolute accuracy or pose accuracy and
e pose repeatability

of the robot are important. Here the absolute accuracy
indicates the precision with which the robot can take a
programmed pose. The pose repeatability indicates the
uncertainty with which the attained poses of the robot
diverge from each other when the same desired pose is
taken repeatedly by the robot.

Another parameter described in ISO 9283 is the

e path accuracy.

It indicates the deviation of robot end effector from the de-
sired path while following a given contour. This character-
istic is important e.g. for laser manufacturing operations
in the field of welding and cutting of three-dimensional
plate products. In the automobile industry the require-
ments for contour accuracy of plate products lie below
one millimetre at a manufacturing velocity of several me-
tres per minute. Such high requirements for accuracy can
be well met with gantry robots whereas industrial robots
with rotatory joints can show path deviations of several
millimetres already at lower velocities. There are two rea-
sons why this dynamic parameter according to ISO 9283
was not regarded as very important in the past. On the
one hand there were no measuring systems available that
could measure a robot path in a dynamic and practical
way. On the other hand for the most tasks the path ac-
curacy of the robot was of minor importance compared
to the static pose accuracy. As the path accuracy of in-
dustrial robots is continuously increasing in importance



in modern applications, and as in the meantime there are
suitable measuring systems for the determination of the
path deviation, the dynamic parameters of a robot be-
come more and more important.

The most important causes for path deviations of in-
dustrial robots are listed in Table 1 [10, 11]. As the static
pose deviations also lead to path deviations, their causes
are listed in the same table. The causes for errors which
exclusively determine path accuracy and have no influence
on pose accuracy are written in italics.

Mechanics Kinematics Dynamics
gear errors: link length dynamic of the
backlash, deviation real system
compliance displacement of | following error
static, dynamic | axes simplified joint
and thermal ZEro error controller

deformation

angle transmis-
sion error

Table 1: Causes for path deviation of industrial robots

Static pose deviations can be modelled with the help of
known procedures for static robot calibration and can be
taken into account when programming the robot [10, 6,
12, 4, 13, 14]. But the dynamic motion behaviour is not
influenced by static calibration and has to be improved by
other means.

The robot dynamics can be modelled by the differential
equation (1). This dynamic model describes the forces
and torques which act on the single joints and which are
determined by the position, the velocity and the accelera-
tion of the axes as well as by the forces and torques acting
on the end effector.

. = M(9) §+h(gd)+9(0)+ (g9 (1)
where
q,4,q (nx1)-vector of joint coordinates
T,: (nx1)-vector of driving forces
M(qg): (nxn)-inertia matrix
HQ, G):  (nx1)-vector of centripetal and Coriolis forces
9(q): (nx1)-vector of gravitational forces
ER_(Q, g): (nx1)-vector of frictional forces

The dynamic model is the basis of a controller design.
Thus, the path accuracy depends on the quality of the
model description, the parameter identification and the
joint controller based on this. In this description of the
dynamic behaviour the robot is assumed to be a rigid
multi-body system with ideal joints without backlash. In
a first approximation this is allowed because of the high
transmission ratio of the gears used in robot axis, but at
high path velocities or when drive backlash occurs, this
leads to errors. Also the simplified structure of the joint

controllers often used in industrial robots contributes to a
reduction in path accuracy.

3.2 Principle of the dynamic robot cali-
bration

The path deviation of a robot is the addition of the abso-
lute pose deviation that does not depend on the velocity
of the procedure and of the influences originated by dy-
namics (see Table 1). For this reason also a static robot
calibration contributes to an improvement of path accu-
racy, but not to the same extent as a dynamic calibration
that improves the robot’s dynamic behaviour.

The procedure for the implementation of a dynamic
robot calibration includes the following steps in analogy
to the static robot calibration:

1. modelling,

2. measuring of the robot’s errors and identification of
the parameters,

3. error compensation, and
4. verification.

Fig. 3 provides an overview of the principle of the de-
veloped dynamic calibration procedure. For the improve-
ment of the dynamic behaviour a component "error com-
pensation" is added to the industrial robot; this compo-
nent estimates the expected error of the joint angle Ag and
transfers it to the robot control as an offset for the desired
joint value. Today many manufacturers of robots offer an
interface in the control unit that enables the correction of
the desired values. The parameters of the model-based er-
ror compensation are identified through an external mea-
surement with an inertial measurement system that has
to be performed only once at the time of the calibration
procedure.

3.3 Model of the robot errors

The model for the estimation of the joint angle errors from
the desired joint angle values provided by the robot con-
trol has to describe linear as well as nonlinear effects and
should be valid for the whole of the robot’s working en-
velope. A complete physical description of the robot dy-
namics is too complex for an error compensation to be
performed on-line. The motion behaviour is not only de-
termined by elasticities and cross couplings but also by
the structure of the unknown joint controller. Further-
more the error compensation must fulfil real-time require-
ments.

For this reason, the joint angle errors are described sep-
arately in simple, linear and nonlinear models whose pa-
rameters depend on input variables such as joint position,
payload, velocity, etc.
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Fig. 3: Structure of the dynamic robot calibration

Thus, the angle errors for the robot joint i can be esti-
mated by the following discrete linear model.

G(kT) =

—a;1Gi((k = 1)T) — ...
+bi*70qd,i((k —-d)T)+ b;1Qd,i((k —d-1T)+...

AG(kT) = qai((k—d)T)— G(kT) (2)

where

i joint (i=1...6)

qa.i: desired value for the joint i

d: dead time

ai*d-: parameter a depending on boundary condi-
tions

bi';: parameter b depending on boundary condi-
tions

The experimental research conducted so far has shown
that considering payload and joint angle velocity brings
advantages as far as improvement in precision is con-
cerned. Also if the robot operates at the edge of its
working envelope, the values of the identified parameters
change. In the model of error compensation the marginal
conditions are taken into consideration through the pa-
rameters a and b that depend on the operating points.
For this purpose the parameters are stored in a multi-
dimensional table that is addressed depending on the op-
erating point. In the next example of a reduced parameter
table the assumption is made that the model parameters
depend on the joint angle velocity ¢ and on the payload
m. When indicating the parameters the operating point
is marked with two superior indices. Thus, for the deter-
mination of the model parameters results Table 2 which is
addressed through the joint angle velocity and the payload
applied to the end effector.

The procedure can be extended to several dimensions
in order to take also into account influence factors such as

m:0...05mny m:05...1mn
. . 0,0 10,0 0,1 ;0,1
G:0...0.2 gmax a; 7Qi @ 7bi
. , 1,0 ;1,0 1,1 41,1
G:0.2...0.8 ¢max a;,b; a7, b
. 2,0 12,0 2,1 22,1
G:0.8...1 ¢max a; ,Qi a; ,bi
where
i joint (i=1...6)
G, gmax: actual and maximum velocity of joint i
m , my: payload and nominal load
gi"l, Q?’I: vectors of parameters depending on boundary

conditions

Table 2: Example for calculating the variable model pa-
rameters

the position of the axes.

Nonlinear effects such as backlash and the robot tran-
sient compensation behaviour which influences the pose
stabilization time will be modelled through characteristic
transfer elements in a following step. The joint angle er-
ror caused by backlash can be modelled by the following
two-point characteristic line.

l; i >0

"bl _ 1 ) ql

Agy (kAt) = { L d<o (3)
where

i: joint (i=1...6)

(jiblz angle deviation of joint i caused by backlash
di: angle error of joint i

A backlash of joint i



3.4 Implementation of the precontrol

The error compensation has been implemented for a typ-
ical industrial robot and is based on the robot’s interface
offered by the manufacturer for adapting the control pa-
rameters and for adding offsets to the given desired val-
ues. The structure of the compensation element is shown
in Fig. 4.

510
s Error | A9 | o i A9
model Checking Smoothing
Tableof | _ Ofline
parameters fication

Fig. 4: Structure of the error compensation

In the current configuration the error compensation
that is performed on-line is based on a linear error model
in accordance with equation 2 and calculates the joint an-
gle error Ag on the basis of the joint angle ideal values 9,
provided by the robot control. As stability tests cannot be
carried out because of the in general unknown behaviour
of the modified plant, the error compensation contains a
control unit. It checks the estimated angle errors that
are transferred to the robot control as joint angle offsets.
If a given tolerance is exceeded, the error compensation
is deactivated. Then the calculated correction values are
smoothened; with this method continuous joint angle off-
sets can be achieved.

4 Experimental results

For verifying the dynamic robot calibration a discrete
model has been installed for the main joints of the in-
dustrial robot under test (see equation 2). The optimal
order of the model was n = 32 for the sample time of
2 ms which corresponds to one cycle of the attitude con-
trol of the robot joint controllers. The identification of the
parameters has been carried out with a linear estimating
technique on the basis of the joint angles measured with
the inertial measurement system. For the measurement
the single robot joints were moved at the highest possible
acceleration.

The path programmed for the test was a straight line at
the outer limits of the working envelope. It was followed
by the robot in both directions with a maximal path ve-
locity of v = 0.4 m/s and a payload of 5 kg (corresponding
to 1/3 of the nominal payload) . The end effector should —
with continuous orientation — follow the desired path with
an extension of s = 800 mm in negative y-direction and
then after a pause of 1 s come back to the starting point
following the same line. First the not calibrated robot

and then the calibrated one moved along this path un-
der the same conditions. Fig. 5 shows a three-dimensional
view of the desired path of the robot end effector and of
the actual paths measured with the inertial measurement
system and performed by the calibrated and by the not
calibrated robot.
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Fig. 5: Measured robot path

For reasons of clearness the paths are projected to the
zy-plane and to the yz-plane. The large path deviations of
the actual path of the not calibrated robot are due to the
position of the test path at the outer limits of the working
envelope and to the relatively high path acceleration.

For a better evaluation of the path accuracy, the path
deviation calculated according to ISO 9283 on the basis
of the perpendicular dropped from the actual path to the
desired path is shown in Fig. 6. The maximal path devi-
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Fig. 6: Measured path deviation of the calibrated and of
the not calibrated robot

ation of the end effector is of approx. 14 mm in the case



of the not calibrated robot and reduces to approx. 2 mm
for the calibrated robot.

The remaining path errors of the calibrated robot are
due to the following reasons that will be taken into account
in future:

e Joint 2 of the robot under test shows a drive backlash
and an error that depends on the direction of the
movement.

e The paths measured for the identification of the pa-
rameters differ in the boundary conditions from the
path tested here (especially as joint angle velocity and
joint position are concerned).

5 Summary and discussion

With this dynamic calibration procedure an improvement
of the path accuracy of industrial robots, which gains more
and more importance, up to 85% can be achieved. The
procedure has been developed to be relatively indepen-
dent from the type of robot to be calibrated. The method
is applicable without knowledge of the structure of the
joint controller or of the mass moments of inertia. Only
the robot’s geometry must be given and the robot needs
to have an interface that allows the manipulation of the
desired joint values.
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